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Watersheds with rich hydrometeorological equipment are still very limited 
in West Africa but are essential for an improved analysis of environmental 
changes and their impacts in this region. This study gives an overview of a 
novel hydrometeorological observatory that was established for two meso-
scale watersheds in the Sudan Savanna of Southern Burkina Faso and Northern 
Ghana as part of the West African Science Service Centre on Climate Change 
and Adapted Land Use (WASCAL) program. The study area is characterized by 
severe land cover changes due to a strongly increasing demand of agricultural 
land. The observatory is designed for long-term measurements of >30 hydro-
meteorological variables in subhourly resolution and further variables such 
as CO2. This information is complemented by long-term daily measurements 
from national meteorological and hydrological networks, among several other 
datasets recently established for this region. A unique component of the obser-
vatory is a micrometeorological field experiment using eddy covariance stations 
implemented at three contrasting sites (near-natural, cropland, and degraded 
grassland) to assess the impact of land cover changes on water, energy, and 
CO2 fluxes. The datasets of the observatory are needed by many modeling and 
field studies conducted in this region and are made available via the WASCAL 
database. Moreover, the observatory forms an excellent platform for future 
investigations and can be used as observational foundation for environmental 
observatories for an improved assessment of environmental changes and their 
socioeconomic impacts for the savanna regions of West Africa.
Abbreviations: AMMA, African Monsoon Multidisciplinary Analysis; EC, eddy covariance; GHCN, Glob-
al Historical Climatology Network; NIMEX, Nigerian Micrometeorological Experiment; RCM, regional 
climate model; TERENO, Terrestrial Environmental Observatories; WAM, West African monsoon; WAS-
CAL, West African Science Service Centre on Climate Change and Adapted Land Use; WRF-Hydro, hy-
drologically enhanced version of the Weather and Research Forecasting Model.
West Africa is a region for which high-quality hydrometeorological measurements are 
very scarce (Jones et al., 2015). However, such information is needed for a better scientific 
understanding of hydrological processes and their interactions with the atmosphere and 
the biosphere. Observational data form the basis for the development of reliable mod-
eling approaches for climate change analyses, as well as for determining the impact of 
land cover changes in hydrology and other disciplines. Many regions in West Africa are 
characterized by significant land cover changes due to a widespread conversion of savanna 
and other ecosystems into agricultural land (Ouedraogo et al., 2009; Knauer et al., 2017), 
which is expected to continue in the future. Land cover change analysis is the basis for the 
development of sustainable land management practices that strengthen the resilience of 
socioecological systems against climate extremes and enhance food security. Moreover, 
substantial biosphere–precipitation feedbacks have been detected for the West African 
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savanna (Klein et al., 2017). This was found to be linked to their 
transitional character between energy and water limitation (Green et 
al., 2017), rendering them particularly sensitive to land use changes.
To improve our scientific understanding of hydrological 
processes and their interactions with other environmental 
processes, advanced observational systems are needed. To tackle 
this issue, various hydrological observatories with enhanced 
facilities were established in different regions of the world 
(Blöschl et al., 2016). Examples are the hydrological observatories 
(Koch et al., 2016; Qu et al., 2016; Wollschläger et al., 2017) 
of the Network of Terrestrial Environmental Observatories 
in Germany (TERENO; Zacharias et al., 2011; Bogena et al., 
2012; Kunkel et al., 2013), the Hydrological Observatory and 
Exploratorium (HOBE) for the Skjern catchment in Denmark 
(Jensen and Illangasekare, 2011), the Hydrological Open Air 
Laboratory (HOAL) for the Alps in Austria (Blöschl et al., 2016), 
and the Cévennes‐Vivarais Mediterranean Hydrometeorological 
Observatory in Southern France (Boudevillain et al., 2011). In 
contrast with the traditional concept of research catchments in 
hydrology, hydrological observatories are usually based on long-
term equipment to provide information beyond the duration of 
research projects and with a stronger focus on interdisciplinary 
research (Blöschl et al., 2016). The data of such observational 
systems were used by many different studies, for example, for 
investigating hydrological processes and their interactions (Jensen 
and Engesgaard, 2011; Ringgaard et al., 2011; Takagi and Lin, 
2011; Soltani et al., 2017), for development and comparison of 
process-based hydrological models (Hingerl et al., 2016; Koch et 
al., 2016) and compartment-crossing modeling approaches (Butts 
et al., 2014; Larsen et al., 2014), and for analyses of climate change 
impacts (van Roosmalen et al., 2011) and hydrological extremes 
(Delrieu et al., 2005).
Due to the low capacities of many West African institutions, 
study areas with rich hydrological and meteorological equipment 
are very limited in West Africa. Densely instrumented study 
regions were often established for short-term periods (<3 yr) as part 
of field experiments or campaigns of international research projects 
such as the Sahelian Energy Balance Experiment (SEBEX; Wallace 
et al., 1991; Kahan et al., 2006), the Estimation of Precipitation 
by Satellite- Niger experiment (EPSAT-Niger; Lebel et al., 1992), 
and the Hydrologic Pilot Experiment in the Sahel (HAPEX-
Sahel; Goutorbe et al., 1994; Verhoef et al., 1996; Gash et al., 
1997; Lebel et al., 1997), conducted in the late 1980s and in the 
beginning of the 1990s. More recent examples are the Nigerian 
Micrometeorological Experiment (NIMEX) for the West African 
monsoon (WAM) onset period in 2004 (Jegede et al., 2004; 
Mauder et al., 2007), and the NASA field campaign of the African 
Monsoon Multidisciplinary Analysis (NAMMA) program during 
the peak period of the WAM in 2006 (Smith et al., 2012). There 
are only few cases where hydrometeorological observation networks 
were operated for >3 yr. Examples are the Dahra test site in Senegal 
(Tagesson et al., 2015) and the measurement networks of the 
African Monsoon Multidisciplinary Analysis (AMMA) program 
(Lebel et al., 2009; Séguis et al., 2011a), which were established 
for sites in Central Mali (Mougin et al., 2009), Southwest Niger 
(Cappelaere et al., 2009), and for the Ouémé River basin in Central 
Benin (Le Lay et al., 2008; Séguis et al., 2011b). The measurement 
information provided by these networks was used by numerous 
observational and modeling studies (Stisen et al., 2008; Guyot et 
al., 2009; Timouk et al., 2009; Vischel et al., 2009). The AMMA 
observation network was also intended for long-term operations 
(Lebel et al., 2009), but a complete operation of such densely 
instrumented sites and watersheds beyond the lifetime of research 
projects and programs is usually not possible for the partner 
institutions in West Africa without any further support.
To improve the availability of high-quality hydrometeorological 
measurements for West Africa, a network of hydrometeorological 
observatories was established in the Sudan Savanna belt of Burkina 
Faso, Ghana, and Benin during the last years (Salack et al., 2018b). 
The observatories were implemented by a German-African research 
initiative as part of the West African Science Service Centre on 
Climate Change and Adapted Land Use (WASCAL, www.wascal.
org) program. The novel network consists of three observatories 
established for several watersheds of the Volta basin (Fig. 1). They 
range from the Dano watershed in Southwest Burkina Faso to the 
Sissili and Vea watershed in North Ghana and Central-Southern 
Burkina Faso to the Dassari watershed in North Benin.
The data of the three WASCAL observatories provide a basis 
for many field experiments conducted by researchers from various 
disciplines in this region like cropping experiments (Danso et 
al., 2018), grazing experiments (Ferner et al., 2015; Guuroh et al., 
2018), biological studies (Qasim et al., 2016a,b; Krieg et al., 2017; 
Stein et al., 2017), land cover change analysis (Knauer et al., 2016) 
and its impacts (Gessner et al., 2015; Quansah et al., 2015), land 
degradation and deforestation (Dimobe et al., 2015), and for 
analyzing uncertainties of near-surface weather observations (Salack 
et al., 2018b). The data are also needed for many different modeling 
studies, for example, for the development of coupled atmosphere–
hydrology models (Arnault et al., 2014, 2016; Naabil et al., 2017), 
land surface models (Quansah et al., 2017), and other processes-
based models in hydrology (Yira et al., 2016).
 6Objective and Scientific Questions
The objective of this study is to present a detailed overview 
of the WASCAL hydrometeorological observatory established for 
the Sissili and Vea watersheds. The new observatory is based on 
experiences gained in TERENO (Kiese et al., 2018). It is designed 
for long-term measuring of >30 hydrometeorological f luxes on 
the ground and further important environmental variables such 
as CO2, which are rarely monitored in West Africa (Ciais et al., 
2011). The high-resolution data of this network are complemented 
by long-term daily meteorological and hydrological observations 
from national meteorological and hydrological services, as well as 
other sources, building the basis for analysis of climate change and 
land cover change in this region.
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A unique component of this observatory is a micrometeoro-
logical field experiment, which was established along a gradient of 
changing land cover to study the impact of land cover changes on 
water, energy, and CO2 fluxes (Bliefernicht et al., 2013; Quansah 
et al., 2015). The experiment consists of three remotely controlled 
micrometeorological stations, which are equipped with state-of-
the-art eddy covariance (EC) systems (Mauder et al., 2013). Eddy 
covariance stations are nowadays widely used in many regions of the 
world and cover various terrestrial ecosystems (Baldocchi et al., 2001; 
FLUXNET, 2018). However, the number of EC stations is still lim-
ited in West Africa, and continuous EC measurements are rarely 
performed during several years, as shown on the site summary of the 
FLUXNET data portal (FLUXNET, 2018). The current setup of 
the EC stations allows onsite estimation of many additional variables, 
which are usually not measured by standard meteorological equip-
ment, such as heat fluxes and radiation, but also CO2 fluxes. In this 
EC experiment, fundamental research questions in the field of land 
cover change analysis can be addressed for this region:
1. How are climate-relevant land surface properties, such as the 
albedo, changed by land conversion?
2. What is the impact of land cover changes on the partitioning 
of water and energy fluxes at the land surface?
3. Can near-natural savanna ecosystems lose their function as a C 
sink when used for agriculture?
4. How are components of the water balance changed when 
savanna ecosystems are converted to agricultural land?
An initial  description of the new observatory for the Sissili 
and Vea watershed was presented in Bliefernicht et al. (2013), 
Quansah et al. (2015), and Salack et al. (2018b). In this study, we 
aim at giving an updated and more detailed overview of the obser-
vatory, including a detailed description of the different networks, 
the installed devices, and corresponding measured variables. This 
information is important for a better understanding of the avail-
able observation datasets and thus represents an excellent starting 
basis for future studies using measurements and research findings 
from this observatory. We will also highlight several technical 
Fig. 1. The West African Sci-
ence Service Centre on Climate 
Change and Adapted Land Use 
(WASCAL) hydrometeorologi-
cal observatories in the Sudan 
Savanna belt of Burkina Faso, 
Ghana and Benin with its focal 
watersheds (Dano, Sissili, Vea, 
and Dassari). The watersheds 
are located in the basins of the 
main tributaries (Black Volta, 
White Volta, and Oti) of the 
Volta River. The upper figure 
shows the different climatologi-
cal and ecological zones of West 
Africa. The map was redrawn 
from White (1983).
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challenges (e.g., protection against wildfires) when attempting 
to establish and operate such an observatory in the West African 
Sudan Savanna. This provides valuable insights for future estab-
lishment and operation of hydrometeorological observatories in 
West Africa and in many other savanna regions worldwide.
Furthermore, we will present findings of field and simulation 
experiments conducted for this region using data from the new 
hydrometeorological observatory. Although a detailed analysis of 
the 2013 CO2 fluxes of the observatory was already performed 
by Quansah et al. (2015), we extend this analysis to the radia-
tion measurements to address the first research question listed 
above. In addition, an initial evaluation of a novel coupled atmo-
sphere–hydrology model, the hydrologically enhanced version 
of  the Weather and Research Forecasting Model (WRF-Hydro) 
(Gochis et al., 2013; Senatore et al., 2015; Yucel et al., 2015) is 
shown, using the micrometeorological measurements of the EC 
stations. The coupled model was recently applied and evaluated for 
two watersheds covered by the observatory (Arnault et al., 2016; 
Naabil et al., 2017) using standard hydrometeorological variables 
(e.g., precipitation, temperature, and discharge), mainly from 
global datasets. After these studies, a simulation for a more recent 
period (2013–2016) was performed, which allowed, for the first 
time, an evaluation of the coupled simulations for several further 
hydrometeorological variables (e.g., heat and radiation fluxes) as 
provided by the WASCAL observatory.
 6Description of the Study Region 
and Catchment Characteristics
General Description of the Study Area
The study area of the hydrometeorological observatory is 
located in Southwest Burkina Faso and in Northern Ghana 
between 10 and 12.5° N and 3 and 0° W. The climate of this region 
is driven by the WAM (Nicholson, 2013) and can be separated 
according to the WAM stages into a dry period (December–
February), rainy period (July–September), and two transition 
periods. The annual precipitation amount ranges between 700 and 
1100 mm and originates in large parts from mesoscale convective 
systems. Therefore, precipitation amounts are characterized by 
a high spatiotemporal variability, in particular for lower spatio-
temporal scales, making rainfed farming highly challenging. The 
study region is also characterized by pronounced multidecadal 
variability in precipitation, like many other parts of West Africa 
(Nicholson et al., 2018), which led to several large-scale and long-
lasting droughts within the last centuries (Masih et al., 2014), like 
the severe Sahel drought in the 1970s and 1980s. Although the last 
two decades exhibited increasing annual precipitation amounts 
similar to conditions before the 1970s, changing intraseasonal pre-
cipitation characteristics (Salack et al., 2016) and an ongoing trend 
toward more intense convective storms driven by global warming 
(Taylor et al., 2017) pose new challenges for agricultural applica-
tions in West Africa.
The WASCAL hydrometeorological observatory is situated 
in an area characterized by strong ongoing land cover changes. 
Like in many other West African countries, the main driver for 
these changes is the increased food demand of a considerably 
growing population, mainly resulting from very high birth rates. 
In Southwestern Burkina Faso, this development was amplified by 
the migration of people from drought-affected zones in Central 
and Northern Burkina Faso within the last decades (Ouedraogo et 
al., 2011, 2009). Consequently, the estimated population growth 
rate from 1976 to 2007 reached up to 5% yr−1 in comparison 
with a country-wide growth rate of ~3% (Ouedraogo et al., 2009; 
Knauer et al., 2017). Since the income of the majority of people in 
the Sudan Savanna depends on rainfed agriculture (Ouedraogo et 
al., 2009, 2011; Forkuor et al., 2017), many regions have been con-
verted to farmland since the 1970s. Several studies showed that the 
relative increase of farmland can reach up to 1% yr−1  for Southern 
Burkina Faso (Ouedraogo et al., 2009, and references therein). The 
expansion of agricultural land was recently analyzed for Burkina 
Faso in detail by Knauer et al. (2017).
Due to the severe drought conditions in 1970s and 1980s, 
many small- to medium-sized water dams were established in the 
Volta basin (Fowe et al., 2015) to improve the water supply for rain-
fed farming at community level and to better protect the people 
from droughts. Liebe et al. (2005) showed that >500 small-sized 
water dams with a storage capacity between 0.01 and 1 million 
m3 are located in the Upper East Region of Ghana. The biggest 
irrigation dam within the study region is the commercially oper-
ated dam of the Tono River basin with a surface area of 18.6 km2 
and a storage capacity of ~93 million m3 (Dinye and Ayitio, 2013; 
Naabil et al., 2017). However, high evaporation losses from water 
dams of up to 60% are a central problem for irrigation practices 
in this region and can limit their effectiveness (Fowe et al., 2015). 
Thus, irrigation practices can considerably influence the discharge 
regime of a river and therefore the water balance of a catchment.
Sissili River Basin
The Sissili River is one of the main tributaries of the White 
Volta with a catchment area of ~12,800 km2 (Arnault et al., 2016). 
An important advantage of this watershed is the availability of 
long-term daily discharge measurements, in contrast with many 
other watersheds in the Volta basin. Long-term daily measure-
ments are usually available for gauges along the main tributaries of 
the Volta, but tributaries like the Sissili River are often ungauged 
or have only monthly measurements.
Compared with many other watersheds in the region, land 
cover changes within the Sissili river basin are less pronounced. 
This is due to the foundation of a protected wildlife area in the 
late 1970s, the Nazinga Game Ranch, where no farming activities 
are allowed. The wildlife area of the ranch is located in the central 
parts of the Sissili basin, directly at the border between Ghana and 
Burkina Faso (Fig. 2). It covers an area of ~940 km2 (Hema et al., 
2011), which is 7.2% of the Sissili basin. Since its foundation, many 
biodiversity studies were conducted in the Nazinga Game Ranch 
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(Jachmann, 1991; Jachmann and Croes, 1991; Hema et al., 2011). 
It is home to one of the few remaining elephant populations in 
West Africa (Blanc et al., 2007) and various other wildlife species 
(Marchal et al., 2012). The protected area and its surroundings 
also served as research and reference site for several other disci-
plines during the last years, for example, for an analysis of land 
cover and land use dynamics (Gessner et al., 2015; Knauer et al., 
2016; Dimobe et al., 2017) or for performing grazing experiments 
(Ferner et al., 2015; Guuroh et al., 2018)
Although the Burkinabe parts of the Sissili basin are character-
ized by a strong population increase within the last decades, many 
of its areas still have a much lower population density than many 
other parts of the study region, as shown by Hema et al. (2011) for 
the surroundings of the Nazinga Game Ranch, or by Barry et al. 
(2005) for the entire Volta basin. The Sissili basin also has no major 
reservoirs (like the Tono dam) used for irrigation practices (Barry et 
al., 2005). We can therefore assume that the discharge regime of the 
Sissili River is less anthropogenically influenced by rainfed farming 
and irrigation practices than other watersheds in this region.
Vea River Basin
The watershed of the Vea River basin is situated in the north-
east of Ghana near Bolgatanga. This region is a highly populated 
area characterized by several spots of strong land degradation 
(Dietz et al., 2004). The Vea watershed differs from the Sissili 
basin in many aspects: it is much smaller (~300 km2) and is 
characterized by a much higher portion of agricultural land. It 
also contains a major water dam, the Vea dam, which is used for 
irrigation and water supply of Bolgatanga (Koffi et al., 2017) with 
an area of 4.5 km2 and a capacity of 17 million m3 (Adongo et al., 
2014). The relief of the Vea River basin, like the Sissili basin, is rela-
tively flat in many parts of the catchment, with a mean elevation 
of 196 m and a mean slope of 0.2% (Koffi et al., 2017). Due to the 
high population density around Bolgatanga, most parts of the Vea 
catchment are intensively used for agriculture, with several highly 
degraded spots where cropping activities are no longer possible. An 
example for these spots is the area around Sumbrungu, where a 
number of different field experiments were established during the 
last years (Quansah et al., 2015; Danso et al., 2018).
 6Overview of the Observatory
The hydrometeorological network of the observatory is high-
lighted in Fig. 3 for the study region. This network consists of 
nine automatic weather stations, one agrometeorological station, 
three EC stations at four different locations (Supplemental Table 
S1), and nine hydrological stations. In addition, the precipitation, 
climate, and hydrological stations of the national weather and 
hydrological services are illustrated where long-term daily hydro-
meteorological measurements are available.
The installation of the equipment of the observatory started 
in September 2012 with the establishment of the EC stations in 
Fig. 2. Land cover and land use pat-
terns in 2014 for the study region. In 
addition, several important features of 
the observatory are highlighted: the 
protected wildlife area of the Nazinga 
Game Ranch, the basins of the Sissili 
and Vea Rivers, and two major irriga-
tion dams, the Tono and Vea dam.
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Sumbrungu and Kayoro and the automatic weather station in Soe. 
All further sites were equipped in several subsequent installation cam-
paigns in 2013 and 2014. In 2017, the EC station in Sumbrungu was 
relocated to Gorigo due to safety reasons (see Technical Challenges 
section below). Figure 3 also indicates a higher density of the meteoro-
logical and hydrological stations around the Vea watershed, providing 
better data coverage for the different field experiments conducted in 
this region, in particular at the highly degraded spot in Sumbrungu. In 
addition to the EC station, the Sumbrungu site also contains an agro-
meteorological station (Aniabiisi mid-slope) complemented with two 
further soil water stations (Aniabiisi upslope and downslope), which 
are installed along a hillslope to support a crop experiment (Danso et 
al., 2018) with precise hydrometeorological measurements.
 6Basic Meteorological and 
Hydrological Observations
Subhourly Hydrometeorological Measurements
The automatic weather stations of the network are used 
to measure seven meteorological variables (Table 1) in 5-min 
resolution with common meteorological devices. The incom-
ing shortwave radiation is measured by a pyranometer (CS300, 
Campbell), and a two-dimensional sonic anemometer (Windsonic, 
Campbell) is used to measure horizontal wind speed and direction. 
Air temperature and relative humidity are measured by a silicon 
bandgap temperature sensor in combination with a capacity 
humidity sensor (CS215, Campbell), both of which are enclosed 
in a radiation shield for protection. In addition, a capacity pressure 
sensor is used to measure air pressure (CS100, Campbell). The 
total precipitation amount is recorded by a tipping bucket (R. M. 
Young) mounted to a 1-m-high pole. The other meteorological 
variables are measured at 2-m height. The power supply for the 
automatic weather station was established by using solar panels 
with an additional battery for nighttime measurements. All sensor 
measurements are collected and stored by a data logger, which is 
complemented by a data transmission unit to transfer data via 
Global System for Mobile Communications (GSM) to an external 
database. A very similar setup is used for the agrometeorological 
station, but unlike at the automatic weather stations, two further 
sensors (pyrgeometer and pluviometer) are used for measuring the 
longwave radiation and precipitation. The soil water station com-
prises several sensors for determining vertical soil temperature and 
soil moisture profiles. In addition, tipping buckets are installed at 
the soil water stations for additional precipitation measurements.
Long-Term Daily 
Hydrometeorological Observations
The long-term hydrometeorological observation network of 
the study region consists of 34 precipitation stations, seven climate 
Fig. 3. The different hydrometeoro-
logical networks of the observatory 
for the Sissili and Vea basins. The 
precipitation, climate, and discharge 
stations belong to the national and 
hydrological services of Burkina Faso 
and Ghana and provide long-term, 
historical, daily observations. In addi-
tion, the automatic weather stations 
and the four sites of the three eddy 
covariance (EC) stations are shown. 
The EC station in Sumbrungu in the 
lower part of the Vea catchment was 
relocated due to safety reasons in 2017 
to the site Gorigo in the upper part of 
the basin. The agrometeorological 
station with its soil water stations is 
near the EC station in Sumbrungu in 
the Vea watershed and is therefore not 
shown in this figure.
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stations, and four discharge stations. Most of the precipitation data 
were provided by the meteorological services of Burkina Faso and 
Ghana for a period from 1960 to 2010. The daily precipitation 
time series are part of a novel database of rain-gauge measurements 
established for Burkina Faso, Ghana, and Benin. Further data 
sources of this database are daily precipitation measurements col-
lected from two sources of the Global Change in the Hydrological 
Cycle (GLOWA) Volta project (Van De Giesen et al., 2002; Laux 
et al., 2008), the Global Historical Climatology Network (GHCN; 
Menne et al., 2012), and the AMMA database (Fleury et al., 2011). 
The daily precipitation measurements of the database are qual-
ity controlled following several standards that are similarly used 
for quality control of the GHCN database (Durre et al., 2010; 
Menne et al., 2012) and are combined with advanced geostatistical 
approaches (e.g., spatial correlogram). A subset of this database was 
recently applied for a performance assessment of a high-resolution 
regional climate model (RCM; Dieng et al., 2017), for the meteoro-
logical analysis of a heavy rainfall event that caused major flooding 
in Ouagadougou in September 2009 (Engel et al., 2017), and for 
rating and scaling historical heavy rain events in the region (Salack 
et al., 2018a,b).
Besides the precipitation database, we also started to establish 
a database for several meteorological variables with daily measure-
ments from 1980 to 2010. This database consists of temperature 
variables (minimum daily temperature [Tmin], maximum daily 
temperature [Tmax], and mean daily temperature [Tmean]), mean 
sea-level pressure, horizontal wind speed, and wind direction, as 
well as humidity variables. The meteorological data are based on 
daily measurements from the Volta Basin Authority Geoportal, 
which hosts data collected and generated by the GLOWA Volta 
project, complemented by daily measurements from the GHCN 
network and the Global Surface Summary of the Day (GSOD) 
database. Long-term hydrological measurements are only available 
for the Sissili River basin for two gauges located at the catchment 
outlet and further upstream. The data are available from 1960 to 
2009 but contain ~40% of missing values. The data were obtained 
from the Volta Basin Authority Geoportal and then combined with 
more recent measurements from hydrological services in Ghana.
Hydrometeorological Characteristics 
of the Study Area
Some meteorological characteristics of the study area, using the 
information from the hydrometeorological observatory, are shown 
for the experimental site in Sumbrungu in Fig. 4. The dry period 
lasts from the beginning of December until the end of February and 
is characterized by very low precipitation probabilities (p0 < 2%), hot 
daytime temperatures (33.5°C < Tmax < 38.0°C), and relatively cool 
nighttime temperatures (Tmin < 20°C), mainly in December and 
January. During the dry period, northeasterly Harmattan winds pre-
vail, as indicated by the wind roses for January 2013. This regional 
wind system transports dry air masses from the Sahara to the West 
African Sudan Savanna. The hottest period in the study region 
occurs at the end of March (Tmax = 39.0°C and Tmin = 26.4°C), 
immediately before the onset of the WAM. This period is also 
characterized by changing wind conditions toward southwesterly 
monsoonal winds and strongly increasing precipitation probabilities 
linked to the northward propagation of the intertropical conver-
gence zone. Accordingly, the period when the monsoon reaches its 
northernmost extent, southwesterly winds are dominant, as illus-
trated for June 2013 in Fig. 4. These southwesterly monsoon winds 
transport wet air masses from the Atlantic Ocean to the study area, 
leading to very humid conditions with much lower diurnal tem-
perature variability. This period is also characterized by the highest 
rainfall probabilities (p0 > 30%), reaching up to 50% at this site. The 
monsoon peak, in terms of daily precipitation amounts, is reached 
at the end of August with a maximum value of slightly above 9 mm 
d−1. During the cessation period, the monsoon weakens quickly, 
leading to much drier conditions due to the equatorward retreat 
Table 1. Basic measurement characteristics for each variable of the automatic weather stations.
ID Variable Type
Characteristic†
H TR Min. Max. R U rU
m min %
1 Incoming shortwave radiation, W m−2 Mean 2 5 0 2000 1 ‡ 5
2 Air temperature, °C Mean 2 5 −40 70 0.01 0.3 ‡
3 Relative humidity, % Instantaneous 2 5 0 100 0.05 ‡ 2
4 Horizontal wind speed, m s−1 Mean 2 5 0 60 0.01 ‡ 2
5 Horizontal wind direction, ° Mean 2 5 0 359 1 3 ‡
6 Precipitation, mm Sum 1 5 0 ‡ 0.1 ‡ 2
7 Air pressure, hPa Mean 2 5 600 1100 0.01 0.3 ‡
†  H, measurement height; TR, temporal resolution [min], Min., minimum measurement value; Max., maximum measurement value; R, resolution of the measurement 
value; U, minimum absolute measurement uncertainty; rU, minimum relative measurement uncertainty; the information on Min., Max., R, U, and rU is based on the 
user manuals of the corresponding measurement devices. The unit of the measurement characteristics (min., max., R, and U) are variable dependent and are listed in 
the Variable column.  
‡ No information is given.
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of the intertropical convergence zone. During this time, the region 
experiences a second temperature maximum and increasing diurnal 
temperature variations due to much drier atmospheric conditions.
The database of long-term daily precipitation measurements 
was also used to generate high-resolution gridded precipitation 
datasets for different temporal scales (daily, monthly, and annual) 
using ordinary kriging. The mean precipitation amount of the 
annual product is shown for the study area in Fig. 5. It shows a 
distinct north–south precipitation gradient for the study region 
with ranges from ~700 mm in the northeastern parts to 1100 mm 
in the southeastern parts of the study region. Moreover, the annual 
precipitation amounts can vary considerably from year to year, as 
shown for two EC sites (Sumbrungu and Nazinga) of the obser-
vation network in Fig. 6. The diagram also highlights the strong 
decadal variability of the annual precipitation at both sites with 
much drier conditions from the mid-1970s to the mid-1980s.
The discharge regime of Sissili River is illustrated in Fig. 7. 
During the onset period, the runoff generation is much lower in com-
parison to the peak and cessation period of the WAM. This indicates 
that most of the rainfall evaporates or refills the groundwater and 
soil water storages. The maximum daily discharges are reached at the 
end of August and show a lag of several days with respect to the peak 
value of the daily precipitation amounts due to hydrological retention 
and translation processes within the catchment.
 6Micrometeorological Field 
Experiment
Description of the Eddy Covariance Sites
The long-term micrometeorological field experiment was per-
formed at four different sites with the three EC stations described 
above. The measurement sites are characterized by different vegeta-
tion covers due to different land use practices (degraded grassland 
used for grazing, cropland grazed by livestock, and near-natural 
vegetation due to wildlife conservation). Other site characteristics 
such as climate, soil, or topography chosen were as similar as pos-
sible to ensure that any long-term difference between the analyzed 
variables were mainly the result of land cover changes and not of 
other sources. A detailed overview of the sites characteristics is 
shown in Table 2. The site selection was done in April 2012 for 
Sumbrungu and Nazinga, in October 2012 for Kayoro, and in 
March 2017 for the new site, Gorigo.
Fig. 5. Spatial distribution of the annual precipitation amounts for the 
study region. The area of the observatory for the Sissili and Vea water-
sheds is indicated by the red frame. The annual precipitation amounts 
are based on long-term daily measurements from 1960 to 2010 using 
a novel precipitation database of rain-gauge measurements established 
for Burkina Faso, Ghana, and Benin. The red dots indicate the loca-
tions of the precipitation gauges used for spatial interpolation.
Fig. 4. Basic meteorological 
characteristics of the study 
region illustrated exemplar-
ily for the experimental site in 
Sumbrungu near Bolgatanga in 
Northern Ghana. The seasonal 
cycles (upper diagrams) of the 
daily precipitation amount (P), 
precipitation probability (p1), 
and daily mean, minimum, and 
maximum temperatures (Tmean, 
Tmin, and Tmax) are based on 
long-term daily precipitation 
(1960–2010) and temperature 
measurements (1980–2010). 
The daily time series were recon-
structed from the five closest 
meteorological and precipita-
tion stations. The wind patterns 
(lower diagrams) are from sub-
hourly observations made at the 
eddy covariance station in Sum-
brungu in 2013.
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The EC station for the strongly degraded grassland site was 
located in Sumbrungu from October 2012 until November 2016. 
The surrounding area of this EC station (<200 m) is mainly used 
as rangeland for livestock. Due to the grazing activities and the 
degraded soils, the mean grass height is usually not >10 cm, even in 
the rainy season. Supplemental Fig. S1 shows that the EC station is 
surrounded by a sparse network of medium-sized trees (<6 m) and 
shrubs. Due to thievery and vandalism, the EC station was relo-
cated to another grassland site with similar characteristics in May 
2017 to continue the experiment. This site is located in the upper 
part of the Vea watershed in a less populated area. A picture of the 
new EC station Gorigo is shown in Supplemental Fig. S2. The 
near-natural site is located in a dedicated area for research stud-
ies within the core protection zone of the Nazinga Game Ranch 
wildlife area. The vegetation is a mixture of shrubs, medium-sized 
trees (4.5 m) and tall grass (Supplemental Fig. S3). The maximum 
grass height can reach up to 2.5 m in the rainy season. The EC 
station at the cropland site is located in between the two other EC 
stations in a less populated area near the Burkinabe–Ghanaian 
border. A photo of this EC station with its surroundings is shown 
in Supplemental Fig. S4. The dominant crops in this plot are 
sorghum [Sorghum bicolor (L.) Moench], groundnut (Arachis 
hypogaea L.), and pearl millet [Pennisetum glaucum (L.) R. Br.]. 
After harvest, the site is mainly used for grazing by livestock. The 
maximum vegetation height is usually <1 m. A photo sequence 
in Fig. 8 illustrates the surrounding vegetation characteristics for 
the different seasons for the EC stations in Sumbrungu, Kayoro, 
and Nazinga. This sequence clearly shows the different vegetation 
structure and dynamics during the year between the different sites.
To ensure that long-term climate characteristics of the 
sites are comparable across the sites, the locations of the EC sta-
tions are approximately at the same latitude. The differences in 
precipitation characteristics that are important for the vegetation 
growth and dynamics, such as the annual precipitation amount 
or the onset of the rainy season, are therefore minor (Table 2). 
The soil texture of all EC sites is loamy sand or sandy loam, par-
tially with a high proportion of coarse-grained materials (30%), 
for instance, in the top layer of the degraded site in Sumbrungu. 
The surrounding terrain of all EC stations is relatively f lat with 
an estimated slope of <3° for each site. Further basic prerequi-
sites for the site selection were a sufficient distance of the EC 
sites from nearby rivers or lakes (>200 m) and no groundwater or 
backwater influence in the analysis of the soil profile. Therefore, 
we assume that any influence from groundwater or backwater is 
relatively small for each site.
Setup of the Eddy Covariance Stations
The EC station instrumentation is nearly identical for each 
site but with individual measurement heights. A schematic of the 
measurement devices of an EC station is presented in Fig. 9. This 
setup measures >20 variables at different height levels with a high 
temporal resolution (Table 3).
The core measurement devices of the EC stations are an 
open-path infrared gas analyzer (7500A, Li-COR) and a three-
dimensional ultrasonic anemometer (CSAT3, Campbell). These 
devices measure atmospheric water vapor content, the atmospheric 
CO2 content, and the horizontal and vertical wind components 
with a sampling frequency of 20 Hz. The measurement height of 
these devices is site dependent and varies between 2.65 m aboveg-
round for the grassland site and 7.19 m aboveground for the 
near-natural site. The measurement height depends on the mean 
vegetation height within the fenced area of an EC station. Based 
on this setting, fluxes of sensible heat, latent heat, and CO2 are 
calculated using the EC method (for further information regarding 
the application of this method, see Quansah et al., 2015), and refer-
ences therein). The information from the three-dimensional sonic 
anemometer can also be used to determine total wind speed, total 
wind direction, and corresponding two-dimensional variables such 
as the horizontal wind speed and direction. Examples of the hori-
zontal wind measurements from our EC stations are shown in Fig. 4.
Fig. 6. The decadal variability of the annual precipitation amounts 
for the eddy covariance station in Nazinga (arithmetic mean = 978 
mm yr−1, SD = 152 mm yr−1) and in Sumbrungu (arithmetic mean = 
960 mm yr−1, SD = 179 mm yr−1);. The standard precipitation index 
(SPI) shown in this diagram is based on a normal-score-transfor-
mation using annual precipitation amounts. Positive values indicate 
wetter-than-average years, negative values indicate drier-than-average 
years. The annual precipitation amounts for both experimental sites 
are based on daily precipitation time series reconstructed from the five 
nearest stations of the surrounding precipitation network.
Fig. 7. The discharge (Q) regime for the station Wiasi located at the 
outlet of the Sissili River basin based on daily measurements from 
1960 to 2009.
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A further important device of the EC stations is a net radiom-
eter (CNR4, Kipp & Zonen) to determine the different radiation 
components of the energy balance and the total net radiation. The 
net radiometer consists of an upward- and downward-facing pair 
of pyranometers to measure the incoming and outgoing shortwave 
radiation (spectral range = 0.3–2 mm). In addition, a downward-
facing pair of pyrgeometers is used to measure the longwave 
radiation exchanges (spectral range = 4.5–50 mm) between atmo-
sphere and land surface. Since the incoming longwave radiation 
cannot be measured directly, the longwave radia-
tion components are obtained by correcting the 
radiation exchanges using the sensor temperature 
of the net radiometer.
By taking into consideration net radiation, 
the energy closure ratios (latent heat plus sensible 
heat vs. net radiation minus ground heat) of the 
EC stations’ footprint areas are inspected, and 
fluxes of sensible and latent heat are validated. In 
addition, the measurements of the net radiometer 
are used to determine other important variables 
such as albedo, total net radiation, or net eco-
system exchanges onsite (Table 4). Examples of 
energy balance closures for the three EC stations 
are shown in Quansah et al. (2015) for the year 
2013. This study showed a satisfying to very good 
energy balance closure indicated by a relatively 
high coefficient of determination (r2 > 0.89) 
between the sum of latent heat flux and sensible 
heat f lux and the sum of net radiation minus 
ground heat flux. The analysis also revealed typi-
cal underestimations of the sum of heat f luxes 
ranging between 10 and 30% between the differ-
ent sites, which was best for the near-natural site.
The EC stations also measure several standard 
meteorological variables. Air temperature and rela-
tive humidity are measured by a temperature and 
humidity probe (HMP155A, Campbell) using a 
ventilated radiation shield for protection. Like the 
anemometer and gas analyzer measurements, the air 
temperature and humidity measurements are taken 
at the same height and with the same frequency. 
The standard precipitation measurement set for 
each station consists of three independent devices 
with different measurement techniques: a weighing 
gauge (Pluvio2, Ott), a tipping bucket (52203, R. 
M. Young), and a disdrometer as part of a compact 
weather station (WXT 520, Vaisala). The weighing 
gauge is one of the most precise devices for mea-
surements of point precipitation but is much more 
expensive than other devices. Thus, only the EC 
and the agrometeorological station were equipped 
with a weighing gauge and are used as reference for 
point precipitation measurements of the WASCAL 
hydrometeorological observatory. In 2016, the standard precipita-
tion measurement set for the EC station in Nazinga was extended 
with another disdrometer (OTT Parsivel sensor) to measure drop-
size distribution and velocity of falling precipitation at a 2-m height.
An example of the hourly precipitation measurements from the 
weighing gauge and the disdrometer is shown for the EC station 
in Sumbrungu from October 2012 to November 2013 (Fig. 10). 
The sample consists of 508 joint wet observations where an hourly 
precipitation event was recorded at least at one measurement device. 
Table 2. Site characteristics of the eddy covariance stations Nazinga, Kayoro, Sumbrungu, 
and Gorigo. 
Characteristic† Nazinga Kayoro Sumbrungu Gorigo
Latitude, ° N 11.15156 10.91810 10.84660 10.94016
Longitude, ° W −1.58570 −1.32090 −0.91740 −0.82644
Altitude, m 297 282 200 220
MAP, mm 994 960 978 (970)
ORS, date 5 May 5 May 5 May (5 May)
CRS, date 18 Sept. 19 Sept. 21 Sept. (20 Sept.)
DRS, d 137 138 140 (139)
Soil texture Sandy loam Loamy sand Loamy sand (Loamy sand)
Soil depth, cm (>60) (>65) (50) (>65)
Bedrock amr‡ amr amr amr
Land use Protected area Cropland Grassland Grassland
Land use intensity Very low High High High
Max. grass height, m 2.5 1 0.1 0.1
Grass species§ Ac, Ap, Hi Aspp, Cspp Ap, Bv, Sf (Aspp, Bspp, Sspp)
Crops¶ – sh, gn, pm – –
Grazed by# wh dh dh dh
Grazing pressure Very mild Mild Severe Mild to severe
Tree layer Discontinuous Sparse Sparse Sparse
Tree species†† Do, Ba, Id Ad, Vp Ad, Vp Ad, Vp
Mean tree height, m (4,5) (5) (5) (5)
Relief Flat Flat Flat Flat
Slope, ° (<3) (<3) (<3) (<3)
Groundwater influence (Small) (Small) (Small) (Small)
†  MAP, mean annual precipitation; ORS, onset of the rainy season; CRS, cessation of the rainy season; 
DRS, duration of the rainy season based on definitions from Odekunle (2004). For information 
about soil texture and soil chemistry we refer to Quansah et al. (2015). Information in parentheses 
are preliminary qualitative estimates (e.g., during site selection).
‡ amr, acidic metamorphic rocks.
§  Ac, Andropogon chinensis; Ap, Andropogon pseudapricus; Hi, Hyparrhenia involucrate; Aspp, Andro-
pogon spp.; Cspp, Cenchrus spp.; Bv, Brachiaria villosa; Sf, Spermacoce filifolia; Bspp, Brachiaria spp.;  
Sspp, Spermacoce spp.
¶ sg, sorghum; gn, groundnut; pm, pearl millet.
# wh, wild herbivores; dm, domestic herbivores.
††  Do, Daniellia oliveri; Ba, Burkea africana; Id, Isoberlinia doka; Ad, Adansonia digitate; Vp, Vitel-
laria paradoxa.
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Fig. 8. The eddy covariance stations Nazinga (near-nature, protected wildlife area), Kayoro (cropland, grazed by livestock), and Sumbrungu (strongly 
degraded grassland) during the dry season (December and January), onset (May and June), and cessation period of the rainy season (September and 
October). The photos were taken in 2012 and 2013.
Fig. 9. An illustration of the components of an eddy covariance station including measurements variables and their corresponding devices (updated 
version from Bliefernicht et al., 2013).
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The outcome shows a moderate to high correspondence between 
both measurement devices with a Spearman rank correlation coeffi-
cient (rs) of 0.69. Many data pairs are concentrated near the 1:1 line, 
in particular for the smaller precipitation amounts (<5 mm h−1). 
The total precipitation amounts recorded at the weighing gauge 
(Pt = 711 mm) were slightly overestimated by the disdrometer (bias 
= 3.7%). Comparable results were obtained for the other sites for 
the same investigation period but with a lower correspondence at 
Nazinga (rs = 0.46, Pt = 682 mm, bias = 2.2%) and a stronger over-
estimation at Kayoro (rs = 0.78, Pt = 740 mm, bias 9.3%).
Each EC station also contains a low-cost compact weather 
station to measure five additional meteorological variables besides 
precipitation: air temperature, horizontal wind speed and direc-
tion, relative humidity, and air pressure. The measurements of this 
weather station are used as additional information for quality con-
trol and backup of meteorological measurements. The EC stations 
Table 3. Basic measurement characteristics for the variables of the EC stations.
Characteristic†
Variable T H1 H2 H3 TR SF
———————————— m ———————————— min Hz
Zonal wind component, m s−1 Mean 2.65 3.15 7.19 30 20
Meridional wind component, m s−1 Mean 2.65 3.15 7.19 30 20
Vertical wind component, m s−1 Mean 2.65 3.15 7.19 30 20
Sonic (air) temperature, °C Mean 2.65 3.15 7.19 30 20
Atmospheric water vapor content, g m−3 Mean 2.65 3.15 7.19 30 20
Atmospheric CO2 content, mg m
−3 Mean 2.65 3.15 7.19 30 20
Air pressure, hPa Mean 2.65 3.15 7.19 30 20
Longwave radiation exchange, surface–atmosphere, W m−2 Mean 2.0 2.50 5.30 5‡ 1/15
Incoming shortwave radiation, W m−2 Mean 2.0 2.50 5.30 5‡ 1/15
Longwave radiation exchange, surface–soil layer, W m−2 Mean 2.0 2.50 5.30 5‡ 1/15
Outgoing shortwave radiation, W m−2 Mean 2.0 2.50 5.30 5‡ 1/15
Air temperature, °C Mean 2.65 3.15 7.19 30 20
Relative humidity, % Mean 2.65 3.15 7.19 30 20
Precipitation amount, mm Sum 1.0 1.0 1.0 5‡ 1/15
Precipitation amount, mm Sum 1.0 1.0 1.0 5‡ 1/15
Rainfall amount, mm Sum 2.0 2.50 5.30 5‡ 1/15
Hail amount, hit cm−2 Sum 2.0 2.50 5.30 5‡ 1/15
Air temperature, °C Mean 2.0 2.50 5.30 5‡ 1/15
Horizontal wind speed, m s−1 Mean 2.0 2.50 5.30 5‡ 1/15
Horizontal wind direction, ° Mean 2.0 2.50 5.30 5‡ 1/15
Relative humidity, % Mean 2.0 2.50 5.30 5‡ 1/15
Air pressure, hPa Mean 2.0 2.50 5.30 5‡ 1/15
Soil temperature at 3 cm, °C Mean 0.03 0.03 0.03 5‡ 1/15
Soil temperature at 10 cm, °C Mean 0.1 0.1 0.1 5‡ 1/15
Soil temperature at 35 cm, °C Mean 0.35 0.35 0.35 5‡ 1/15
Volumetric water content, % Ensemble mean 0.03 0.03 0.03 5‡ 1/15
Ground heat flux, W m−2 Ensemble mean 0.08 0.08 0.08 5‡ 1
†  T, measurement type; H1, measurement height for Sumbrungu; H3, measurement height for Kayoro; H3, measurement height for Nazinga; TR, temporal resolution; 
SF, sampling frequency. 
‡ TR was refined from 30 to 5 min over the first 2 yr.
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are also equipped with several soil sensors. Ground heat fluxes are 
measured using three self-calibrating heat flux plates (HFP01SC, 
Hukseflux) side by side at 8-cm depth. In addition, vertical profiles 
of soil temperature are recorded at three different depths (3, 10, 
and 35 cm) using an averaging soil thermocouple probe (TCAV, 
Campbell). The soil moisture is recorded at 3-cm depth with soil 
water content reflectometers (CS616, Campbell). In addition, a web 
camera is installed at each EC station to observe its environment 
and, in particular, the vegetation. Two pictures of this webcam are 
shown for the EC station in Kayoro in Supplemental Fig. S5.
The surrounding area of each EC station is protected by a 
fence (~7 by 7 m) and a fire protection belt in the case of Kayoro 
and Nazinga. Each EC station is also equipped with two data 
loggers, a robust field computer and an automatic transmission 
unit with a universal mobile telecommunications system (UMTS) 
module. The field computer is needed to run the software for 
processing EC fluxes (Mauder and Foken, 2015) and for data 
archiving. The automatic data transmission to a data server hosted 
in Germany was tested continuously between 2012 and 2015 with 
daily data transfers from the EC stations. The power supply of 
each EC station consists of 2 solar panels with 190-W maximum 
power each, complemented by a pack of four 95-Ah batteries for 
nighttime measurements.
It is noted that the data coverage strongly varies between the 
different EC sites and also depend on the measurement variable. 
The data coverage was analyzed for the three EC sites from October 
2012 to November 2016. It was poorest for Sumbrungu due to the 
thievery of equipment (see Technical Challenges below), which led 
to an interruption of the measurements for several weeks or longer. 
Approximately 68% of the nonturbulent fluxes and 51% of the 
turbulent fluxes are available for this site. Since the accessibility to 
the near-natural site in the Nazinga Game Ranch can be extremely 
challenging in the rainy season (see Technical Challenges), we lost 
a larger amount of data several times due to systems failures. The 
data coverage was therefore only slightly better (5–10%) than at 
the Sumbrungu site. The best data coverage was obtained for the 
EC station in Kayoro, where ~90% of the nonturbulent fluxes and 
72% of the turbulent fluxes were recorded. 
Characterizing the Representativeness 
of Eddy Covariance Measurements
Considerations regarding the representativeness of the EC mea-
surements for their larger scale surroundings are based on Schmid 
(1997) and field experiences made, for example, by Mauder et al. 
(2007) during the NIMEX experiment. Schmid (1997) showed 
that the scale of the spatial average of each micrometeorological-
point observation depends on several factors like meteorological 
conditions, measurement height, and the measured variable. Since 
measurement height and orientation of the equipment vary across 
the three EC sites (Table 3), the footprints of the EC station are site 
dependent and were set up to represent the site characteristics as 
well as possible under given circumstances and practical limitations.
Since the near-natural site is located in a dedicated area for 
research studies, anthropogenic activities are strongly reduced 
and vegetation disturbances due to human and wildlife activity 
are relatively small in this area. We therefore assume that the site 
properties within the fenced area are very similar to the site char-
acteristics outside the fenced area of the EC site. However, this 
overall similarity within the EC fetch is disturbed through a fire 
protection belt (see section below), which is located outside the 
fence. The belt has a width of ~1.5 to 2.5 m, and it surrounds the 
Fig. 10. Comparison of hourly precipitation measurements from 
weighing gauge and disdrometer for the measurement period from 
9 Oct. 2012 to 27 Nov. 2013. The measurements are from the eddy 
covariance station in Sumbrungu. The total number of joint hourly 
observations was 508 where at least one device recorded a rainfall 
event. The total number of joint hourly observation with zeros on 
both measurement devices was 8010.
Table 4. List of selected variables estimated and calculated at the eddy 
covariance station based on measurement variables listed in Table 3. In 
addition, the measurement heights of corresponding devices at Sum-
brungu (H1), Kayoro (H2), and Nazinga (H3) are given.
Variable Type TR† H1 H2 H3
min ———— m ————
Sensible heat flux, W m−2 Mean 30 2.65 3.15 7.19
Latent heat flux, W m−2 Mean 30 2.65 3.15 7.19
Net ecosystem exchange, W m−2 Mean 30 2.65 3.15 7.19
Absolute humidity, g m−3 Mean 30 2.65 3.15 7.19
Net shortwave radiation, W m−2 Mean 5‡ 2.0 2.5 5.3
Net longwave radiation, W m−2 Mean 5‡ 2.0 2.5 5.3
Net total radiation, W m−2 Mean 5‡ 2.0 2.5 5.3
Albedo, % Mean 5‡ 2.0 2.5 5.3
† TR, temporal resolution.
‡ TR was refined from 30 to 5 min over the first 2 yr.
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tower with a radius of ~5 m. Given the net radiometer height of 
5.3 m and the gas analyzer and sonic anemometer heights of 7.19 
m, we assume that the radiation measurements are mainly affected 
by the area enclosed by the fire protection belt, whereas the flux 
footprint encompasses a larger area around the EC tower.
The EC site in Sumbrungu has no fire protection belt, since 
field burnings are prohibited in this densely populated area. Due to 
grazing activities, the vegetation within the fenced area can be dif-
ferent than in its surroundings. However, differences in vegetation 
height between both areas were comparably small, in contrast with 
the other sites, so we consider any impact on the radiation measure-
ments and related quantities like the albedo to be small for this site.
At the EC site in Kayoro, footprints of measured variables are 
characterized by considerably more heterogeneous conditions, due 
to cropping activities outside the fence and densely growing weeds 
inside the fence, and a fire protection belt with similar dimen-
sions as in Nazinga. However, we try to regularly cut down the 
vegetation during the growing season to keep the conditions as 
homogenous as possible. Moreover, Schmid (1997) recommended 
that under heterogeneous conditions, the EC equipment should be 
preferred over other micrometeorological equipment.
Given this straightforward qualitative description, we assume 
that the representativeness of the measurements is in an acceptable 
range for the EC sites in Nazinga and Sumbrungu, but much lower 
for the EC site in Kayoro. However, the impact of the fire protec-
tion belt and the lack of grazing and cropping activities within 
the fenced area should be addressed in future investigations, in 
combination with a detailed footprint analysis (Chen et al., 2009). 
Thus, our conclusions regarding the representativeness of measure-
ments are tentative and should be taken with caution. However, 
it should be noted that the influence of grazing activities on the 
vegetation was analyzed nearby the EC sites in Sumbrungu and 
Nazinga within the last years. Moreover, the surroundings of the 
EC stations were monitored on a regular basis with a web camera 
(Supplemental Fig. S5). Thus, there are several options to get an 
estimate of the vegetation differences between the different areas 
of the EC fetch in the near future.
Technical Challenges of Operating Eddy 
Covariance Stations and Other Equipment
Regular maintenance of the equipment can be highly chal-
lenging in this region, in particular when measurement devices are 
located in remote areas like the EC station in the protected area of 
the Nazinga Game Ranch. To reduce the number of maintenance 
trips, each EC station was equipped with a remote control software 
that allows us to check measurements, solve emergent software 
problems, and determine when the next maintenance trip to the 
station should be taken. The high standard of the mobile networks 
in Burkina Faso and Ghana with an almost country-wide coverage 
allowed remote access to the EC stations most of the time. Despite 
these achievements, regular onsite maintenance of the equipment is 
essential for minimizing measurement errors and equipment failures 
and for delivering high-quality data. The onsite maintenance of the 
entire hydrometeorological equipment of the observation network 
was mainly done by a WASCAL technician based in the nearby 
Vea catchment in Bolgatanga. The technician was supported twice 
per year (before and after a rainy season) by doctoral or postdoc-
toral students due to the complexity of operating the EC stations. 
However, a “normal” onsite maintenance of the equipment was often 
challenging because of unforeseen problems that sometimes made 
maintenance trips to the stations impossible, such as cars getting 
stuck in the mud or breaking down, permanently flooded roads, or 
dangerous animals such as elephants and poisonous snakes, who use 
the surroundings (or even the equipment) as habitat.
A big safety problem for many meteorological stations in this 
region is wildfires, which are an essential element of the savanna 
systems in West Africa (Devineau et al., 2010). Field burn-
ings are used by farmers to mineralize harvest residuals during 
the dry season. In addition, natural wildfires occur frequently 
in this region, even in protected areas like the Nazinga Game 
Ranch (Hema et al., 2017). To better protect the equipment from 
wildfires, the EC stations in Kayoro and Nazinga and several auto-
matic weather stations are surrounded by a zone of ~1.5- to 2.5-m 
width where any vegetation is regularly shortened. Figure 11 and 
Supplemental Fig. S1 show the importance of these fire protection 
zones for the EC station in Kayoro. The photos were taken shortly 
after a field burning, which occurred in the November 2012, a few 
weeks after the installation of the EC station. The harvest residuals 
were completely burned by the fire, but thanks to the fire protec-
tion belt, no measurement devices were damaged.
A further challenging task is the protection of equipment 
against thievery and vandalism for the EC station in Sumbrungu. 
Particularly, solar panels and batteries are of high interest in this 
region due to the poor public power supply. Weather and EC sta-
tions are therefore located near households and dwellings (<100 
m) away from main roads. In addition, guards of the nearby com-
munity are hired to watch the stations. This strategy works well 
for almost all stations, except for the EC station in Sumbrungu. 
The solar panels and the batteries of the EC station were stolen, 
leading to an interruption of the measurements for several weeks 
or more in 2014 and 2015, although this equipment was secured 
by a number of special security measures. In 2016, even the field 
computer was stolen from the EC station. Since the frequency and 
severity of the attempted thefts increased dramatically by the end 
of 2016, to a point that the guard was seriously injured, the sta-
tion was relocated to another site in a less populated area of the 
Vea watershed.
First Analysis of Radiation Fluxes and Albedo
Some basic analyses of the EC measurements are illustrated in 
Fig. 12 for the radiation fluxes. The upper panels of Fig. 12 show 
the diurnal cycle of the incoming and outgoing shortwave radia-
tion for all three EC sites on a sunny day during the dry season. 
The incoming shortwave radiation measurements are almost iden-
tical for this day. However, the outgoing shortwave radiation of 
Sumbrungu is clearly higher in comparison with Nazinga, leading 
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to higher albedo than at the other EC sites. Figure 12 also shows 
the annual cycle of the noon albedo for all three EC sites. The 
degraded grassland site has a clearly higher albedo than the other 
EC sites, resulting in much lower net radiation for this site.
 6Data Management, Policy, 
and Products
The WASCAL database contains two different datasets from 
the hydrometeorological observatory of the Sissili and Vea watershed. 
These datasets consist of raw 5-min meteorological measurements 
from the network of automatic weather stations for seven variables 
(Table 5). Since the raw data of the automatic weather stations and 
EC stations have gaps in the data, a second dataset was generated. 
This dataset consists of gap-filled, half-hourly time series for eight 
standard meteorological variables (Table 5). The measurements for 
the gap-filling were quality controlled by a comprehensive visual 
inspection (e.g., time series diagrams, scatterplots) and several quan-
titative methods like cross-comparison of basic univariate statistics 
and spatial correlograms. The data gaps were filled using a spatio-
temporal infilling algorithm based on an inverse distance approach. 
This dataset was specifically generated as input information for 
the development and evaluation of land surface models such as the 
Noah Land Surface Model (Ek et al., 2003; Rosero et al., 2009). The 
Fig. 11. The photos show the 
eddy covariance (EC) station 
Kayoro and surroundings before 
(upper figures) and after wild-
fire in November 2012 (lower 
figures). The upper photos were 
taken a few days after the imple-
mentation of the EC station in 
October 2012. The lower pho-
tos were taken on 2 Dec. 2012. 
The exact date and reason of the 
wildfire is unknown.
Fig. 12. Diurnal variation of the incoming (ISR) and 
outgoing shortwave radiation (OSR) of the eddy cova-
riance (EC) stations Sumbrungu (strongly degraded 
grassland), Kayoro (cropland, grazed by livestock), and 
Nazinga (near-nature, protected wildlife area) for a 
sunny day, 19 Mar. 2013 (upper figures). Annual cycle of 
the noon albedo for the three EC stations (Sumbrungu, 
Kayoro, and Nazinga) for the year 2013 (lower figure).
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dataset is available for the period from 1 Jan. 2013 to 31 Dec. 2013 
for most of the automatic weather stations and for the three EC sta-
tions. Please note that the current WASCAL database also includes 
further hydrometeorological datasets like the measurements from 
the other two hydrometeorological observatories of the Dana water-
shed in Southwest Burkina Faso and the Dassari watershed in North 
Benin.
Moreover, the datasets from the WASCAL hydrometeorolog-
ical observatory are complemented by several other high-resolution 
climate datasets, which were recently established as basic data for 
improved climate analysis. These datasets include a gridded daily 
precipitation dataset for Burkina Faso, Ghana, and Benin based 
on long-term daily time series from >300 rainfall stations. This 
dataset ranges from 1970 to 2010 and has a spatial resolution of 
~10 km. In addition, a number of gridded subdaily meteorologi-
cal datasets from two high-resolution RCM simulations driven by 
reanalysis data are available for a recent period (e.g., 1980–2010). 
These products are based on two RCMs, which have been specifi-
cally tested and evaluated for the region of West Africa (Klein et 
al., 2015; Dieng et al., 2017). The meteorological datasets have a 
spatial resolution of ~12 km and cover the entire West African 
continent. The RCMs were also used to produce an ensemble of 
high-resolution (~12 km) regional climate scenarios for a historical 
period (1980–2010) and two future time periods (e.g., 2020–2050, 
2070–2100) for West Africa (Dieng et al., 2018; Heinzeller et al., 
2018). More detailed information regarding these datasets is given 
on the corresponding website of the WASCAL database and in 
Heinzeller et al. (2018). The datasets and derived products are 
either open access or accessible on request to the data 
authors at the WASCAL Data Discovery Portal: https://
wascal-dataportal.org/wascal_searchportal2/. The data 
from the hydrometeorological observatory are man-
aged and owned by WASCAL and can be provided for 
a period ranging from the start of the measurements to 
today.
 6New Insights and Scientific 
Findings
A novel hydrometeorological observatory was estab-
lished for the West African Sudan Savanna for the Sissili 
and Vea basin. A unique element of this observatory is a 
micrometeorological experiment to quantify the impact 
of land cover changes on water, energy, and CO2 fluxes. 
Although many challenges had to be mastered during 
the last years, the data analysis from the micrometeo-
rological field experiment revealed a satisfying to very 
good estimation of energy and water fluxes (Quansah 
et al., 2015). In the study of Quansah et al. (2015), we 
also indicated that the West African Sudan Savannah’s 
C-storage function is completely outweighed by great C 
losses when the site is intensively used for farming. Since 
this analysis was performed for only 1 yr, future studies 
must confirm these findings.
Data from the EC stations are also used for an evaluation of 
land–atmosphere exchange processes simulated by land surface 
models (Quansah et al., 2017) or by coupled RCMs such as WRF-
Hydro. Recently, new WRF-Hydro simulations were performed 
for a period of 4 yr (2013–2016) following Arnault et al. (2016) 
and Naabil et al. (2017). The model performance of the WRF-
Hydro simulations is shown in Fig. 13 for the heat and radiation 
fluxes of the EC station in Kayoro. The diagram indicates high 
skill for the simulation of the radiation fluxes and sensible heat. 
The WRF-Hydro simulations even maintain a moderate quality 
for latent heat fluxes during several months. The simulation of 
this variable is considered highly challenging, even for land surface 
models under perfect boundary conditions, as illustrated in Hogue 
et al. (2005).
 6Future Challenges and Perspectives
Despite numerous achievements being made since the initiation 
of the observatory, there are still several challenges that need to be 
addressed in the near future. A highly important step is the improve-
ment of the current facilities of the observatory like automatic data 
transfer and quality control. Although this was demonstrated for the 
EC stations in the last years, it also needs to be established for the 
automatic weather stations and other field equipment. This is essen-
tial for a rapid identification of system failures and for establishing 
a continuous data transfer to the WASCAL database for providing 
high-quality measurements in real time. A further important task 
Table 5. List of variables provided by the West African Science Service Centre on 
Climate Change and Adapted Land Use (WASCAL) database via two different data-
sets: “original” and “gap-free.” 
Variable Type
Original Gap-free
TR† WS‡ EC§ TR WS EC
min min
Incoming shortwave radiation, W m−2 Mean 5 o¶ –# 30 o o
Incoming longwave radiation, W m−2 Mean – – – 30 – o
Air temperature, °C Mean 5 o – 30 o o
Horizontal wind direction, ° Mean 5 o – – – –
Horizontal wind speed, m s−1 Mean 5 o – 30 o o
Relative humidity, % Mean 5 o – – – –
Specific humidity, g kg−1 Mean – – – 30 o o
Air pressure, hPa Mean 5 o – – – –
Mean sea level pressure, hPa Mean – – – 30 o o
Precipitation amount, mm Sum 5 o – 30 o o
† TR, temporal resolution.
‡ WS, automatic weather station.
§ EC, eddy covariance station.
¶ o, data are available.
# –, data are not available.
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is the improvement of the provision of datasets for research studies 
conducted in this region. Although a wide range of variables are 
measured by the observatory, data requirements of interdisciplinary 
studies often differ from hydrometeorological investigations, and 
individual solutions are therefore needed. An improved provisioning 
process will facilitate data use and will make the dataset of the obser-
vatory a unique source of information for a much broader research 
community. A further challenge is the analysis of the EC measure-
ments. So far, only the CO2 fluxes for the year 2013 were analyzed in 
detail. Current and future research activities should therefore focus 
on the analysis of all EC measurements to confirm the findings of 
Quansah et al. (2015) and to perform a much more detailed analysis 
of the water and energy fluxes as presented in their study.
The datasets provided by the observatory are needed for vari-
ous long-term field experiments and several advanced modeling 
studies for improved analysis of climate and land use changes in 
the West African Sudan Savanna (Poméon et al., 2018). They can 
also be used as ground truth for evaluation of remote sensing prod-
ucts and climate model output products (Decker et al., 2012). The 
dataset provides useful information for large-scale meteorological 
field campaigns performed, for example, in Dynamics–Aerosol–
Chemistry–Cloud Interactions in West Africa (DACCIWA; 
Knippertz et al., 2015) for a better scientific understanding of 
monsoon processes and feedback mechanisms in this region. The 
observatory also forms an excellent platform for future studies that 
use not only the available observational data, but also extend the 
current facilities of the observatory for short-term field campaigns 
or as long-term experiments with additional measurement equip-
ment. The hydrometeorological observatory can also serve as an 
observational foundation for the establishment of cutting-edge, 
long-term environmental observatories that allows for improved 
interdisciplinary analysis of environmental changes and their 
socioeconomic impacts on the savanna regions of West Africa.
In addition, a large-scale meteorological observation network 
is currently established by WASCAL. As a transboundary net-
work, it is shared and integrated into the national observational 
networks of the different national meteorological and hydrological 
services of the West African countries (Salack et al., 2018b). This 
new network will extend the capacities of the WASCAL hydrome-
teorological observatories in the West African Sudan Savanna to 
deliver a new generation of hydrometeorological data products for 
an improved monitoring of climate extremes and for an in-depth 
analysis of climate and land use changes in this region.
Supplemental Material
The supplemental material shows additional pictures of the EC stations in Nazinga, 
Kayoro, and Sumbrungu to better illustrate the differences between the EC sites 
(near-nature, cropland, and degraded grassland). We also show photos from the 
new EC station in Gorigo (degraded grassland) established in May 2017 and from 
the webcam for the EC station Kayoro after the field burning in December 2012. 
In addition, meta-information like geographical coordinates are listed for the me-
teorological stations installed for the WASCAL observatory. 
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